ABSTRACT. A quantitative analysis of cell organelles was carried out by electron microscopy on synchronized populations of mouse leukemia L5178Y cells. The ratio of total mitochondrial volume-to-cytoplasmic volume (volume density of mitochondria) increased gradually from GI to G2 through mid-S phase. The number of mitochondria per cell was nearly constant from G1 to mid-S phase but increased significantly from mid-S to G2 phase. The volume density of lysosomes increased by about 40% from mid-S to G2 phase, while no remarkable difference was detected in the volume density between G1 and mid-S phase. The surface area of rough-surfaced endoplasmic reticulum in unit volume of cytoplasm (surface density of rER) increased by about 140 from G1 to G2 phase. The volume density of Golgi apparatus increased by a small amount during interphase. The volume density of lipid bodies was the highest at mid-S phase, whereas their number per unit volume of the cyto plasm (numerical density of lipid bodies) decreased continuously from GI to G2 phase through mid-S phase. The significance of these results is discussed with reference to mitochondria) proliferation, lysosomal activity and membrane turnover.
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Analysis of the timing events in the cell cycle requires the use of homogeneous, synchronous cell populations. Suspension cultures of mouse leukemia L5178Y cells are useful for this purpose because the cells are easily synchronized by treatment with excess thymidine and colcemid (4) . Roti-roti, Okada and Eberle (14) and Kapp and Okada (8) using this synchronized system revealed that the rate of protein synthesis in each subcellular fraction and the activity of acid phosphatase varied periodically. Bosmann (1) has also investigated the biochemical events in mitochondria in syn chronized L5178Y cells. He has shown that the macromolecular synthesis in mito chondria is not random but follows a distinct pattern. These studies suggest that certain periodic changes may occur in organelle morphology in relation to such biochemical activity. Relatively little, however, is known about the quantitative changes in organelles during the cell cycle. In the present investigation, we have attempted to analyze changes in various organelles with respect to number, volume and surface area in synchronized L5178Y cells.
MATERIALS AND METHODS
Cell line. Mouse leukemia cells (L5178Y) were used for this study. They were grown in suspension in Fischer's medium (7) supplemented with horse serum (10%) and alanine (100 mg).
Synchronization (2) . The mean caliper diameter of mitochondria was estimated assuming that their shapes and sizes were homogeneous at certain phases of the mitotic cycle. We assumed that the shape of the mitochondrial particle in L5178Y cells was sausage-like, i.e., cylindrical with spherical ends. This model seems more suitable than the pure-cylinder model (10) , especially when the axial ratio (L/R) is small. If the long axis and the short axis were designated as L and 2R (Fig. 2 ) and the axial ratio (e) as L/R, the mean mitochondrion caliper diameter (D), volume (v) and surface areas (s) were calculated by the following formulas (2): where k1, k2 and k3 are dimensionless factors of shape. The volume density (Vv), surface density (Sv) and profile frequency (NA) were expressed with numerical density (Nv). Fig. 2 shows the cell counts of synchronized populations of L5178Y cells. Cells were harvested for electron microscopy at 2, 6 and 9 hours after release from colcemid treatment (arrows in the figure). From results on 3H-thymidine uptake and cell number, these times correspond to G1, mid-S and G2 phases, respec tively. The degree of synchrony was calculated as 79% according to the method of Engelberg (5).
Volume density of organelles. Volume occupied by mitochondria, lipid bodies, Golgi apparatus and lysosomes in a unit volume of cytoplasm was measured by the point counting method (Table 2 ). About 5,000 points on the cytoplasm were exam ined at each time phase. Mitochondrial volume density at 7.1 % in GI phase increased steadily to 8.8 % in G2 phase. The volume density of lipid bodies increased from Gl to mid-S phase and then decreased from mid-S to G2 phase. Golgi apparatus increased slightly from GI to G2 phase through mid-S phase. Lysosomes were measured with the smaller lattice of 5 x 5 mm, because the volume density was low and the mean size was relatively small. The lysosome volume density remained almost unchanged from G1 to mid-S phase, but rose by about 1.38-fold from mid-S to G2 phase. The ratio of nucleus-to-cytoplasm was also calculated by the point counting method. The relative nuclear volume decreased gradually from GI to G2 phase due to the Surface density of organelles. The surface area of rough-surfaced endoplasmic re ticulum (rER), mitochondria and lipid bodies in a unit volume of cytoplasm was measured by counting the number of intersections by membrane profiles with the lattice lines ( Table 3 ). The surface density of rER increased significantly during the period from G1 to G2 phase. The increment was about 1.9-fold from Gl to mid-S phase and about 1.3-fold from mid-S to G2 phase.
The surface density of mitochondria exhibited a seemingly peculiar change. Al though the volume density of mitochondria increased slightly from G1 to G2 phase, the surface density showed a decrease at mid-S phase, which was about 85 % of the Table  2 ); Sv, surface density (see Table  3 were relatively slim, but they swelled during the period from G1 to mid-S phase . The size of the "mitochondrion" at each cell cycle time was also calculated. These cal culated values were in agreement with the mitochondrial shape observed directly on micrographs (Figs. 5, 6, 7) .
The lipid body shapes were assumed to be spherical with varying diameters (Fig.  6) . From values of harmonic mean diameters of profiles (Z) and NA, the numerical density of lipid bodies at G1, mid-S and G2 phases were calculated (Table 5 ). Fig. 3 shows the size distribution of profiles of lipid bodies. At GI phase, the lipid bodies tended to be smaller compared to those at the other two phases.
Changes in quantity of organelles per cell. The mean cell volume at each cell cycle period was calculated from the mean cell diameter, as described in Materials and Methods. The average nuclear and cytoplasmic volumes were obtained from the vol ume fraction of nucleus (Table 2 ) and cell volume data. As shown in Fig. 4a , cyto plasmic volume increased almost steadily as the cell cycle proceeded. The volume, surface area and number of organelles per cell were also calculated from data of Table  2 , 3 and 4, and illustrated in Fig. 4b and c. The quantitative characteristic alterations Fig. 5 . L5178Y cell at G1 phase two hours after release from colcemid treatment.
Note the small size of the mitochondria in cross section and the paucity of rER. x 11,520. Fig. 6 . L5178Y cell at mid-S phase six hours after release from colcemid treatment.
Note the swollen mitochondria and large lipid bodies. x 11,520.
of each organelle in L5178Y cell are demonstrated in the figure. The total volume of each organelle per cell in G2 phase was almost doubled that in Gl phase. However, the pattern of increase varied according to the organelle. The extent of increase in mitochondrial and lysosomal volume per cell was greater during the period from mid-S to G2 phase, whereas that of lipid bodies was greater during the period from GI to mid-S phase. The surface area of rER per cell increased as the cell cycle proceeded, and about a 4-fold level of rER existed in G2 cells as compared to GI cells (Fig. 4c) . The volume of Golgi apparatus per cell also increased steadily. The mitochondria number per cell was nearly constant from GI to mid-S phase (165/cell in GI and 153/cell in mid-S) but increased significantly during the period from mid-S to G2 phase (240/cell in G2 Changes in. mitochondria. Quantitative and morphometrical analyses of mitochon dria by electron microscopy have been performed in other types of synchronized cells (3, 9, 13) . In HeLa cells, no significant changes were observed in either volume density of mitochondria or inner membranes during the cell cycle (13) . On the other hand, Dewey and Fuhr (3) reported recently that in Chinese hamster cells synchronized by colcemid treatment, the mitochondrial volume density was altered significantly as the cell cycle proceeded. They also reported changes in mitochondria number during the cell cycle and explained the response as the fusion and fission of mitochondria at distinct phases of the cell cycle. In Tetrahymena cells, Korb-Bachofen and Vogel (9) reported that mitochondrial division took place at the late S period. Biochemical studies on mammalian cells have suggested mitochondrial synchrony in synchronized culture. Mitochondrial DNA synthesis occurs in S and G2 phase in synchronized L5178Y (1) and HeLa (12) cells. Bosmann (1) predicted that the most reasonable time for mitochondrial division in L5178Y cell is late G2 or M phase, since most macro molecular synthesis is completed in G2 phase. Changes in lysosomes. Our present analysis suggests that periodical changes in lysosomes may occur during the L5178Y cell cycle. The volume density of lysosomes increases significantly during the period from mid-S to G2 phase. It was not revealed, however, whether the increase occurred continuously or at some particular time during this period. A biochemical study of acid phosphatase activity of this cell line indicated that there were two peaks of activity during the cell cycle (8) . The first peak appeared at the time between G1 and mid-S phase. This peak was missed in the pre sent study, as time periods aside from 2, 6 and 9 hours after release from colcemid treatment were not examined. The second peak was present at G2 phase and this may correspond to the increase in lysosomal volume density at G2 phase, as shown in the present study. In HeLa cells, clusters of lysosomes were observed prominently in GI phase (except for late GI phase) and G2 phase (6) .
Changes in lipid bodies, rER and Golgi apparatus. The lipid bodies tended to differ in number and size periodically during the cell cycle. The number per cell increased slightly as the cell cycle proceeds, whereas their average size was maximum at mid-S phase. This suggests that lipid accumulation took place in an earlier part of S phase that accompanied the swelling of lipid bodies.
It is remarkable that a 4-fold increase in rER per cell occurred during the period from GI to G2 phase (Fig. 4c) . This observation is consistent with the qualitative observation by Erlandson and deHaven (6) in HeLa cells. The Golgi apparatus is nearly constant in volume fraction to cytoplasm during interphase. The Golgi ap paratus in L5178Y cells in M phase is dispersed like that in HeLa cells (6) . The reasons are not clear for the rER accumulation and lysosome increase in G2 phase, but they may be related to the drastic change in nuclear envelope and Golgi apparatus during mitosis.
